We describe the design, characterization, and calibration of a high-power and high-accuracy transfer standard for optical power measurements in fibers based on an integrating sphere radiometer working from Ϫ50 to ϩ30 dBm. The integrating sphere radiometer has been calibrated in the spectral range 1250-1650 nm by use of an electrically calibrated pyroelectric radiometer and four tunable laser diodes. The total uncertainty obtained is less than Ϯ0.8% for these wavelength and power ranges.
Introduction
Fiber optic power measurement is one of the basic tasks in fiber optic metrology. An optical power detector is found in nearly every light-wave test instrument. Two types of power measurement can be distinguished: absolute and relative. Relative power measurements are important for the assessment of fiber attenuation, amplifier gain, and device loss. Absolute measurements are needed for the characterization of output powers of optical transmitters and amplifiers and for the measurement of the sensitivity of optical receivers; both quantities are important for the evaluation of the power budget of a communication system and for eye-safety considerations.
Optical powermeters based on a simple photodiode can measure maximum power levels of a few milliwatts. Beyond this power level, the photodiode goes into saturation. Typical saturation photocurrent levels for Ge and InGaAs photodiodes are 5-10 mA, which are equivalent to powers of 5-12 mW(7-11 dBm).
For many years, such power levels were sufficient because they were well within the output power limit of commercial laser diodes. The advent of optical amplifiers changed this situation. Pump lasers with powers in excess of 100 mW were developed, and nowadays, except for the preamplifiers whose output power is a few milliwatts at the most, all optical amplifiers have output power levels that exceed the measurement range of conventional powermeters. Erbium-doped fiber amplifiers with saturation powers exceeding 1 W are available. Moreover, highpower fiber lasers used for Raman amplifier pumping typically have output powers of several watts, and they are needed at different wavelengths, typically 1365, 1420, 1455, 1480, and 1495 nm, to cover the S, C, and L transmission bands defined by the International Telecommunication Union. These developments require a more-dynamic range in optical fiber power measurements. Furthermore, more precision and better accuracy in the measurement of the fiber nonlinear parameters is increasingly needed, and for such a task accurate absolute-optical-power measurements are essential. In this context it is necessary to improve calibration capabilities and to reduce uncertainties in absolute-power measurements in fibers at levels from 0.5 to 10 W. 1, 2 Integrating sphere radiometers (ISR) have been demonstrated as practical systems with which to develop fiber optic powermeter scales [3] [4] [5] and near-infrared spectral responsivity scales by using monochromator-based cryogenic radiometers 6 or laser-based cryogenic radiometer facilities. 7 To fully benefit from the high accuracy of the cryogenic radiometer, it is important that the transfer radiometers have the best possible radiometric properties. These include good long-term stability, a high degree of spatial uniformity, a small variation of responsivity with angle of incidence, a small variation of responsivity relative to temperature, and a high degree of linearity.
In this paper we present the design, characterization, and calibration of an ISR for the 1250 ϭ 1650 nm wavelength range (O, E, S, C, L, and U telecommunication bands). We made a complete characterization of the single elements (sphere, InGaAs detector) before and after they were coupled into the sphere radiometer, and we evaluated the long-term calibration stability as a final result. The sphere radiometer was calibrated at 0 dBm, and, using the linearity characterization of the InGaAs detector and the measured properties of the sphere, we extended the results and estimated the uncertainties in the optical power range from Ϫ50 to ϩ30 dBm.
Design of the Integrating Sphere Radiometer
In general, the spatial uniformity of InGaAs detectors is degraded when the size of the detecting area is increased. Similarly, the linearity of the detectors is worse when the size of the detecting area is decreased. To the best compromise to mitigate these deficiencies, we selected a 3 mm diameter InGaAs detector (Epitax TX3000). Figure 1 shows the design of the ISR used in the study reported here. The 3 mm diameter InGaAs detector is coupled to a 50.8 mm internal diameter Spectralon integrating sphere. Spectralon is the trade name of a thermoplastic resin manufactured by Labsphere, Inc. The reflectance of the Spectralon sphere's surface exhibits a highly Lambertian behavior. In this radiometer a Spectralon type SRM-99L (laser-grade Spectralon) sphere was used. The SRM-99L sphere is a formulation of resin that gives enhanced performance when it is used in laser applications and exhibits high reflectance, close to 0.99, from 400 to 1700 nm. The thickness of the wall of the sphere is 12.7 mm to ensure good reflectance without doping of the material. 8 The manufacturer claims that Spectralon is an extremely hydrophobic material that may absorb only nonpolar solvents such as greases and oils. Thus no sealing window or other device was used to control the inner atmosphere of the radiometer. Such a design prevents probable damage to the windows at high power levels.
The sphere was configured with three ports with 90°orientation to one another. One of these ports is an auxiliary port used for complementary characterization and usually remains closed by a conical light trap. The other (input and output) ports are 3 mm diameter apertures. Because of the nonlinear behavior observed in InGaAs detectors with overfilled illumination 9 (as in the output port of an integrating sphere), an additional 2 mm diameter aperture was placed immediately in front of the detector's surface to produce underfilled illumination. Two baffles were fitted in the sphere to block direct reflectance from each input port to the detector port.
A fiber optics FC-PC connector was screwed into the input port. The position of the end fiber and the geometry of the sphere limit the maximal numerical aperture of the radiometer to 0.4, which is good enough for standard telecommunication applications.
Characterization of the Sphere Radiometer

A. Spatial Nonuniformity
A perfect integrating sphere produces a spatially uniform, Lambertian angular and unpolarized optical field in the output port. In these conditions uncertainties caused by reflectivity, interference effects in the antireflection coatings, and the irregular far-field patterns (speckle patterns) generated by multimode fibers are prevented.
The spatial nonuniformity of the responsivity of the sphere radiometer and the 3 mm detector (before it was attached to the sphere) was measured by use of our uniformity mapping facility. 7 The detector and the sphere radiometer were attached successively to a computer-controlled translation stage, and a collimated laser beam was swept over a 2 mm ϫ 2 mm square on the detector's surface and the input port of the radiometer in steps of 0.2 mm. The diameter of the collimated laser beam used in this test was 1.2 mm at 1͞e 2 . The photocurrents of the detector and the radiometer were measured for each point and normalized for the central value. Figure 2 shows the result for the detector, and Fig. 3 shows a nonuniformity map of the sphere radiometer at a wavelength of 1550 nm. Only a small part of the surface of the 3 mm diameter detector is within 1% uniformity, marked by the thick curve in Fig. 2 . In the sphere radiometer 99% of the power remains within a circle of approximately 1.75 mm diameter. Within this area the relative standard deviation of the mean of the radiometer's response is 0.4 ϫ 10
Ϫ3
. This is much better than that of an individual InGaAs detector ͑2.2 ϫ 10 Ϫ3 ͒. No wavelength effects on the uniformity were observed for the ISR.
B. Variation of Responsivity with Temperature
The variation of responsivity with temperature of a transfer radiometer should be as small as possible. In the visible range, when silicon-photodiode-based transfer radiometers are used and for standard lab temperature ranges, the temperature coefficient of the responsivity is less than 2 ϫ 10
Ϫ4°CϪ1
. The situation in the telecommunication IR spectral range ͑800-1600 nm͒ is usually worse than in the visible range; however, InGaAs detectors are generally better than Ge detectors in this aspect, and certain types of detector have a low temperature variation over a large spectral range.
The temperature coefficient of the responsivity and the relative spectral responsivity for two temperature values ͑20°and 30°C͒ of the InGaAs detectors were measured in a halogen lamp-monochromator facility. Figure 4 shows the relative spectral responsivity obtained (normalized by its value at 1300 nm) and the calculated temperature coefficients of the responsivity. The temperature responsivity coefficient in the spectral range 1000 -1650 nm was lower than Ϯ2 ϫ 10
, whereas in the range 800-1000 nm the temperature coefficient was Ϯ2 ϫ 10
Ϫ3°CϪ1
.
C. Linearity
The linearity of the sphere radiometer depends basically on the linearity of the incorporated 3 mm InGaAs detector. The linearity of some types of detector is known to depend on the distribution of incident radiation on the detector's surface. In particular, the linearity of certain types of InGaAs detector depends on whether the detector receives underfilled or overfilled illumination. 9 In our radiometer we use a 2 mm diameter aperture in front of the detector, so nearly all the incident radiation falls into the active area of the detector. This is the optimum illumination to preserve good behavior of the linearity.
To evaluate the residual nonlinearity in this configuration we measured the linearity of the 3 mm InGaAs detector and the 2 mm aperture in the same positions as they are in the radiometer and used radiation of a high numerical aperture to simulate the output port of the sphere. The superposition method described in Ref. 9 was used to measure the linearity over the full range of detector signals at a wavelength of 1550 nm. Based on the results of Boivin, 6 the linearity of InGaAs detectors is essentially the same in the range 1200-1650 nm. Figure 5 shows the nonlinearity and its uncertainty ͑k ϭ 2͒ for the InGaAs detector with a 2 mm aperture before the detector is attached to the sphere radiometer. In the upper axis of the figure we represent the equivalent power level in the ISR obtained with its responsivity at 1550 nm. The nonlinearity for each individual point is obtained 10 as
where P ab,i , P a,i , and P b,i are the power levels measured by the superposition method.
The global nonlinearity is calculated as the sum of all the local nonlinearities obtained in steps of 3.01 dB. The calculation starts from the reference power level, where the nonlinearity is considered 0; this is
where n Ͻ 0 indicates power levels lower than the reference power; n Ͼ 0 indicates power levels higher than the reference power, and NL i is the local nonlinearity for the ith step ͑i ϭ 0 for the step when P ab is the reference power).
In the same way, the global uncertainty of the nonlinearity is the square root of the quadratic sum of all the individual uncertainties:
where n is the number of 3.01 dB steps counted from the reference level. The saturation level estimated for the radiometer is ϩ30.5 dBm ͑6.46 mA in the photodiode response).
The maximum nonlinearity found in the range from Ϫ50 to ϩ30 dBm was Ϫ0.013 dB, with an uncertainty of 0.012 dB ͑0.30%; k ϭ 2͒.
D. Measurement of Absolute Spectral Responsivity
The absolute spectral responsivity of the ISR was measured by direct comparison with an electrically calibrated pyroelectric radiometer (ECPR; Model RsP 590 with RS5900 display, Laser Probe Corporation). 11 This ECPR is traceable to our cryogenic absolute radiometer 7 
(CAR).
The calibration system used is similar to the setup used in the research reported in Ref. 12 . The output power of a laser diode is collimated by a microscope objective and introduced alternately into the ISR and the ECPR, as Fig. 6 shows. Four Photonetics tunable laser diodes, covering 1250-1650 nm wavelengths, are used as spectrally pure sources in the wavelength band of interest. The main characteristics of these lasers are an output power of more than 5 mW with a relative power stability of 0.1% during 1 h, a 100 kHz linewidth (FWHM), and an absolute wavelength uncertainty of 0.02 nm.
We prepared the beam by coupling the tunable laser diode into a 2 m long single-mode optical fiber with a core diameter of 9 m. The beam spots were within 1.3 Ϯ 0.2 mm at a 1͞e 2 irradiance diameter. An aperture of 3 mm diameter was used in the ECPR to minimize the scattered light. The 1 mW optical power that we used for all the measured wavelengths was controlled by a monitor detector. Figure 7 shows the spectral responsivity and its uncertainty ͑k ϭ 2͒ obtained as result of the procedure described.
As can be seen, some results near 1400 nm are missing from Fig. 7 . This is so because some inconsistencies in the results of the spectral responsivity measurement were found for wavelengths lying from 1340 to 1440 nm. In Fig. 8 we show a detailed measurement of the relative spectral responsivity at these wavelengths. Some deep curves are visible in this wavelength region; they correspond to the absorption lines of water. For this reason is impossible to use this type of radiometer in this spectral region.
The effect shown in Fig. 8 is enhanced because of the narrow linewidth of the lasers used. Unfortunately, this spectral region is especially important for S-band Raman amplifier pumping ͑1460-1530 nm͒. A possible way to avoid the effects of water vapor is to control the atmosphere inside the sphere radiometer, for instance, by introducing some transparent sealing windows. However, this solution was found to be unsuitable, basically because at high power levels the windows would be easily damaged.
E. Stability of Long-Term Spectral Responsivity
We studied the long-term stability of the spectral responsivity of this ISR from 1999 to 2004. We have two different calibration data to compare: the set for 1999 was measured with our CAR 7 (manufactured by CRI, 13 Table 1 shows the results obtained in the calibration of the ISR for the three calibration rounds, the mean value of the responsivity along these years, and the uncertainty, calculated as the roof mean square of the uncertainties of all individual rounds ͑u R mean ͒. Using this mean value and applying the recommendation of Beissner to determine the consistency of comparison measurements, 14 we obtained the results that appear in Table 2 , which shows the percent deviation from the mean for each wavelength. The uncertainty assigned to this deviation was calculated from the formula
, where u R i is the uncertainty of each individual datum. Figure 9 represents the percent deviation from the mean of each individual measure, together with the respective uncertainties. As can be seen, only two results, the measurement at 1330 nm in 2002 and the measurement at 1550 nm in 1999, exceed the uncertainty u R mean . This result confirms the good long-time stability of the responsivity for this radiometer.
F. Effect of the Connector
To use the integrating sphere radiometer with an optical fiber we need to use an FC-PC connector at the input port. The calibration of an optical fiber power- meter with this transfer standard is easily accomplished by changing the pigtail connector of the laser output between the ISR and the fiber powermeter. Using the optical fiber connector, we must correct the responsivity of the sphere radiometer obtained in air by a geometrical factor related to the fact that the input port of the sphere is now closed by the fiber connector, so all the light is trapped in the sphere, unlike the air case, where the calibration is directly done with the radiometer in absence of fiber optics.
Assuming that the sphere wall is a perfectly Lambertian diffuser, this correction is the ratio between the input port sphere area and the total internal area of the sphere. For a 3 mm diameter input port, the backreflection loss is 0.087%. Using the auxiliary port, we measured this correction factor by connecting and disconnecting three types of FC-PC and FC-APC (angled) connector to the sphere radiometer while a constant collimated laser beam illuminated the auxiliary port. The two types of connector have slightly different reflectance, and thus different correction factors for each connector type have to be used, as given in Table 3 . A mean value of 0.101% was found suitable to correct the effect of the fiber connector on the ISR's responsivity. We have used the standard deviation of these values to estimate the uncertainties given by the various connectors.
Uncertainty Budget for the Sphere Radiometer Calibrations
The sources of uncertainty that appear in the calibration of the sphere radiometer are related to the transfer standard (ECPR), the characteristics of the sphere radiometer, and the calibration setup. The contributions of the various sources of error to the final calibration uncertainty of the radiometer are summarized in Table 4 . The uncertainties related to the ECPR radiometer are uncertainty of the calibration constant, which is traceable to our cryogenic absolute radiometer as described in Ref. 4 ; uncertainty in spatial uniformity and in the resolution of the display of the radiometer; the type A uncertainty estimated from six independent observation measurements; the type B uncertainty obtained by the data provided in calibration certificates, handbook, or other sources; and the spectral flatness of the calibration constant. The uncertainty of the spectral flatness of the pyroelectric radiometer was obtained as the standard deviation from the mean of the calibration constant of the ECPR in the wavelength region of interest. The calibration constant was measured at various wavelengths by direct comparison with a cryogenic radiometer. Additionally, to use the ISR, one needs a picoammeter. We use a Vinculum SP045 picoammeter whose resolution, gain, drift, and type A uncertainties have been considered. The total uncertainty was calculated as the root of the squared sum of all the uncertainties. The results obtained show that the total expanded uncertainty for this sphere radiometer is 0.8% ͑k ϭ 2͒ in all the usable wavelength range (from 1250 to 1340 nm and from 1445 to 1650 nm) and for power levels from Ϫ50 to ϩ30 dBm ͑10 nW to 1 W͒.
Conclusions
In this paper we have described the properties of a sphere radiometer developed as a transfer standard for high-power-level optical fiber applications. Complete characterization and calibration of the integrating sphere radiometer in the O, E, S, C, L, and U bands have been made by use of four tunable laser diodes and an electrically calibrated pyroelectric radiometer. By use of the linearity factor of the detector it is possible to extend the calibration of the radiometer to ϩ30 dBm, with an estimated uncertainty of less than Ϯ0.8% ͑k ϭ 2͒ in this spectral range. As a drawback, we found that the ISR does not work properly in the E band (specifically, in the wavelength region from 1340 to 1440 nm), where water-vapor absorption induces significant changes in spectral responsivity. 
